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NATIONAL ADVISORY C0?©HTT5E FOR ilERONAUTICS 



^^MORA NDTJM REPORT 
for the 

Army A5_r Forces, Materiel Command 
NOTE OF THE INTERPRETATION OF WAKE-SURVEY DATA iJID ITS 
USE IN THE ESTIMATION OF INDUCED DR^G 
DUE TO IRR'XUL.xRrTIE3 
By 5. Katzoff and. Robert S. Finn 

SUT/!LIARY 



x.n analysis of the irregular vertical displacement 
of the wake from the trailing ed^ze of a tailless airplane 
ir presented, which shovjs the existence of an effective 
aerodynamic v/in.c^ twist that cpus^^s an ir.ducec' drag coef- 
ficient of 0.0004. The analysis explains most of the 
discrepancy between the drag deterr.dned from the momentum 
surveys and the drag measured on the wind-tunnel balance, 

INTRODUCTION 



In a study of a tailless airplane in the NaCA full- 
scale tunnel, the drag coefficient determined from a 
comiplete wake survey behind the airplane v^as found to be 
0.0007 less than that deter»riined from, the balance read- 
ings, although the lift coefficient, -C.02, was so small 
that the corresponding induced drag coefficient was quite 
negligible and the wing presumably had no aerodynamic 
twist. Investigation of the wake surveys showed, how- 
ever, that regions of considerable downwash and upwash 
existed at certain spanvdse positions, as indicated by 
the fact that the v;ake at these p^3itions v/as considerably 
displaced above or below the level of the trailing edge. 
It was assTuned, from this irregularity, that som.e aero- 
dynamic twist existed in the wing, either in the structure 
itself or as a result of unsymxinetrical surface roughnesses 
leading to differences in the bo'undary layer on the two 
surfaces. Analysis of the surveys showed that the in- 
duced drag arising from this irregularity was of the right 
order to accoimt for the observbd discrepancy. The 
analysis is briefly summarized herein^ 
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WAKE ANALYSIS 



Th eory , - If, for simplification, the air density and 
the free-stream velocity are assmned to be unity, the 
Induced drag (kinetic energy per unit length of trailing 
vortex sheet) is given by the follov/lng equation (refer- 
ence 1), evaluated in a plajie perpendicular to the v;ind 
direction? 




where 

Induced drag 

0 velocity potential on trailing vorte:: sheet 

n outTvard normal from trailing voi'tex sheet 

s distance along surface of vortex sheet 

and the integral is taken completely around the sheet. 
The corresponding induced drag coefficient is 




where S is the wing area. For pui?pose3 of calculation, 
it may be assumed that the v^ake is essentiall;/ plane, so 
that s m^j be taken as the spanv/lse distance and n may 
be talcen as the vertical distance. 

The value of dj^/cn, essentially the vertical ve- 
locity of the v/ake, is assigned to be given by the vertical 
displacement of the ?rake divided by the longitudinal 
distance of the survey point from the trailing edge. In 
order to evaluate ^, the stream function \L' at every 
point is first obtained by Integrating the normal component 
of the velocity ojZl/on: 
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The function \J;(s) is now transformed to \l/(9) by the 
change of variable 



G^ S - 7S (1 - cos e) 

I 

^ where b is the span and s makes the complete circuit 

of the v/ake as G goes from 0 to 2Tr. If is now 

obtained in the form of a Fourier series in 6, the 
velocity potential 0 will be given iinmediately as the 
conjugate Fourier series (reference 2), The induced 
drag coefficient :. s then obtainable directly by in- 
tegrating the product 0^ around the v;ake. 

The symrietry of the functions \!/, and i?f may 

be noted: Both 60/dn and 0 have the same n^jnerical 
values, v/lth opposite sign, at corresponding points 
above and below the wake; and \J/ is the same, with re- 
gard to both numerical value and sign, at corresponding 
points . 

P rocedure . - A spanv/ise plot of the vertical location 
of the wake center is shown in figure 1, together with 
the location of the trailing edge ahead of it. From the 
displacement and the longitudinal distance from .the 
trailing edge to the plane of the surveys (about 0.25 
chord), d0/dn was obtained (fig. 2), Numerical in- 
tegration of d0/dn across the span, starting at the 
left edge, gave \|/, which is shov/n plotted against 6 
in figure 3. Since \|/ is symmetrical with respect to 
9 = TT (corresponding to the right edge of the v;ake), 
only half of the curve is showno The F'ourier analysis 
of and the synthesis of 0 from the conjugate Fourier 
series were done with the aid of Hungers computation forms 
(reference 5) . The velocity potential 0 plotted 
against s is shown in figure 4, and the product 

^"Sn plotted against s is shown in figure 5. The area 

of the product curve corresT^onds to a drag coefficient 
of 0.0004. 

The only difficulty in this procedure resulted from 
the fact that an exact value was not available for the 
vertical location of tlie survey mechanism relative to 
the vertical location of the wing; that is, the relative 
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vertical locationr^ of the t:7o curves of figure 1 v:ere not 
accurately knovin. A slmplo criterion exists, however, 
foi^ correctinp* the inaccuracy; nantly, the integral of 
^ across the span must correspond to the ohservecl lift 
coefficient. 

^ 4 /'^^ 

3 / ds 
^•o 

Furthermore the criterion and correction arc easily ap- 
plied, because the effects of a uniform vertical dis- 
placement on the valuef^ of (j^/on, and ^ at every 
point are additive. In the present instance a displace- 
ment of only 0.2 inch from the originally assiTOed posi- 
tion was require \ to obtain agreement with the observed 
lift coefficient. 



DISCUSSION 



The value derived for the induced drag ccefficient 
is somev'-^hat less than the value of 0.0007 sought; the 
two valiies differ, howf^ver, by little more than the ex- 
perimental error in the tunnel measurements. The 
analysis accounts, then, for most of the discrepancy 
between the drag coef :"icients obtained from the balance 
measurements and from the mor.entim surveys. 

Certain essential inaccuracies are present in the 
analysis. An obvious lack of rigor exists in tlie 
initial assumptions that the downwash angle is uniform 
betv/een the trailing edge and the station of m:easurement 
and that it is equal, in this region, to its theoretical 
ultimjate value. Some further inaccuracy results from 
the assLxmption that the wake origin is at the trailing 
edge because, if the boundary lay< rs on the upper and 
lov-^er wing surfaces are not equally thick, the wake 
origin v/ill be displacec! toward the thicker one. Ac- 
cordingly the wake displacem.ent, as obtained from fig- 
ure 1, may be in error at any point by 0.2 or 0.3 inch. 
The coi'responding increase in the calculated induced 
drag ivould be relatively small. In any case, the small 
sharp irregularities of the oiZf/on carve, some of which 
may have been due to such error in locating the wake 
origin, v;ere largely washed cut in the 24-point mxethod 
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ussd for the Fourier analysis, so that nost of the rniall 
induced drag associated v/ith such irregularities v/as 
not actur.lly 5nc?uuc^ed In the answ^i--, 

Pi^'^ure 6 phows the spanv'.1se ar..gle-of -attack distri- 
bution corresponding; to the values of 0 and d\^/bnt 

cj - - ^ = 0.1 a -f 

-o ^ / 

I 

or 

0 2 c^n 

v/here 

a effective .rcometric angle of attack, degrees 

c local chord 

c^ section I'ft coefficient 

and the two-dimensional slonc of the lift curve for the 
section is taken as 0.1 per degreti. 

The hi.c^h anp;le of attack at the center of the v;lng 
probably re-^uDts from the presence of the uns^nrune trical 
bulge that constituted the fuselage. The pronounced 
twist of the right wing seens too largo to be due to 
normal ?.naccii2~'acl^s in the cons t^ur^t ion, although it 
might have resulted from excessive warping of the wcoden 
forms after construction. It is also p^ossible that, 
where the boundar^y layer on "^lie upper surface has, owing 
to local surface conditions, a different thickness from 
the boundary layer on the lower surface, thure \vlll be 
a change in the e-^fective incidence. Some evidence of 
such dissyrmnctry vras r^iven by th'" surveys themselves, 
which shiov;ed large and irregular spanv/ise vai'iations of 
section drag coefficient; it is reasonable to suppose 
that the roughness causing such variations v;ould not, 
at every section, be equally distributed on the upper 
and lowei^ surfaces. 

Inspection of the wake surveys taken bel:ind two 
other wings of mr->re rigid construction failed to show 
pronounced irregularities in. the vertical location of 
the wake; it is possible that the effect discussed herein 
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is not a coinnon one. It riay be well, however, when wake 
surveys are made, to plot the vertical location, us in 
figure 1, before assuming that the rroinentuni lueasurements 
should check the force tests. 



COTTCLUSIONS 



Analysis of the irregular vertical displacement of 
the wake from the trailing ed^e of a tailless airplane 
shov\red that the induced drag due to wln^;; irregularities 
contributed 0,0004 to the drag coefficient. The analysis 
explained most of the discrepancy betvy^een the drag deter- 
mined from the moment-^jim surveys and the drag measured on 
the wind-tunnel balance. 
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